The results of hematopoietic stem cell transplant (HSCT) for primary immunodeficiency diseases (PID) have been improving over time. Unfortunately, developing countries do not experience the same results. This first report of Brazilian experience of HSCT for PID describes the development and results in the field. We included data from transplants in 221 patients, performed at 11 centers which participated in the Brazilian collaborative group, from July 1990 to December 2015. The majority of transplants were concentrated in one center (n = 123). The median age at HSCT was 22 months, and the most common diseases were severe combined immunodeficiency (SCID) (n = 67) and Wiskott-Aldrich syndrome (WAS) (n = 67). Only 15 patients received unconditioned transplants. Cumulative incidence of GVHD grades II to IV was 23%, and GVHD grades III to IV was 10%. The 5-year overall survival was 71.6%. WAS patients had better survival compared to other diseases. Most deaths (n = 53) occurred in the first year after transplantation mainly due to infection (55%) and GVHD (13%). Although transplant for PID patients in Brazil has evolved since its beginning, we still face some challenges like delayed diagnosis and referral, severe infections before transplant, a limited number of transplant centers with expertise, and resources for more advanced techniques. Measures like newborn screening for SCID may hasten the diagnosis and ameliorate patients' conditions at the moment of transplant.
Introduction
Primary immunodeficiency diseases (PID) are a heterogeneous group of rare monogenic disorders that affect innate or adaptive immunity, resulting in susceptibility to lifethreatening infections, autoimmunity, autoinflammation, and increased risk of malignancy. More than 350 different PIDs with mutations in genes coding for elements of the immune system are described. Many of these diseases have been successfully treated by hematopoietic stem cell transplantation (HSCT) [1] [2] [3] [4] [5] . In these rare disorders, single-center reports of small cohorts are of limited value. For that reason, both Europe (IEWP/EBMT (Inborn Errors Working Party/European Group for Blood and Marrow Transplantation) in collaboration with ESID (European Society for Immunodeficiency)) and USA (PIDTC (Primary Immune Deficiency Treatment Consortium) and the CIBMTR (Center for International Blood and Marrow Transplant Research)) formed collaborative groups to study outcomes of HSCT in PID, elaborate protocols to standardize treatment in participating institutions, and develop prospective interventional trials [6] [7] [8] [9] [10] . The most recent EBMT/ESID publication reported the outcomes of almost 1500 patients with SCID and non-SCID PID, showing a significant improvement on overall survival since 2000, especially for patients receiving transplants with alternative donors [5] .
The Latin American Group for Immunodeficiencies (LAGID) was created in 1993 to study the prevalence of PID in the region and to promote awareness and earlier diagnosis of these diseases. Since 2009, this group evolved into an active society, LASID (Latin American Society for Immunodeficiencies) that works to establish a registry covering all Latin American countries, develop effective educational programs, improve diagnosis and optimal care for these patients, and foster collaboration within the region and internationally. The development of a robust registry resulted in many collaborative studies published in recent years [11] [12] [13] [14] [15] [16] .
The first child with PID transplanted in Latin America had X-linked SCID and received a Campath-1 M T celldepleted haploidentical transplant in Costa Rica in November 1985 [17] . Despite important progress in HSCT in this region, access to HSCT for PID varies dramatically across Latin American countries and even within the same country. A survey performed in 2015 showed that only nine countries had transplanted patients with PID (Brazil, Argentina, Mexico, Uruguay, Peru, Colombia, Chile, Venezuela, and Costa Rica) [18] .
Brazil is the largest Latin American country with over 200 million inhabitants and approximately 3 million live births a year. Since 1985, groups like the Brazilian Group for Immunodeficiencies (BRAGID) and the Brazilian Consortium for Immunodeficiencies (CoBID) collect data on PID patients and disseminate knowledge about these diseases among physicians and the general population [19, 20] ]. The first Brazilian HSCT was performed in 1979 at the Federal University of Parana, but only in 1990 was the first patient with PID (Chediak-Higashi Syndrome) transplanted at the National Cancer Institute in Rio de Janeiro. From personal communications at the beginning to the participation of international committees and studies (EBMT, PIDTC, CIBMTR), as well as networking with experienced transplant physicians, this collaboration has enabled significant progress in the field, both in numbers and quality of care [10, [21] [22] [23] [24] .
The Pediatric study group of the Brazilian Society of Bone Marrow Transplantation (SBTMO) was stablished in 2002 aiming to address important questions regarding the outcome of children and adolescents undergoing HSCT and to establish collaboration among centers. Since its creation, the collaboration between pediatric transplant centers in Brazil has progressed and several retrospective studies have been performed in children with malignant and non-malignant diseases, making it possible to draw a picture of what has been achieved and raise questions to be answered in coming prospective studies. This is the first report of results of HSCT for PID in Brazil.
Methods
From July 1990 to December 2015, 11 centers participating in the Pediatric SBTMO study group reported transplants for children with PID. Retrospective data on HSCT, including donor type, stem cell source, conditioning regimen, and graft-versus-host disease (GVHD) prophylaxis were collected from patient charts at each center.
Endpoints
For patients receiving preparatory regimen and having survived more than 28 days, neutrophil recovery was defined as absolute neutrophil count above 0.5 × 10 [9]/L for three consecutive days. Chimerism analysis when available was done in whole blood by VNTR or STR techniques. Graft failure was defined by the absence of neutrophil recovery or the presence of at least 95% recipient chimerism. Acute graft-versushost disease (aGVHD) was diagnosed and graded according to the Glucksberg criteria [25] . Patients that survived for more than 100 days after transplantation were evaluated for the presence of chronic graft-versus-host disease (cGVHD), which was diagnosed according to standard criteria [26] . Overall survival time was defined as the time between transplantation and death from any cause. This study was approved by the Institutional Review Boards of each center and performed in accordance with the 1964 Declaration of Helsinki.
Statistical Analysis
Descriptive statistics were calculated as median and range for quantitative variables and frequencies and percentiles for categorical variables. Comparisons between groups were performed using the likelihood ratio test. Probabilities of survival after transplantation were calculated with the use of the KaplanMeier estimator; data were censored at day of last follow-up. The cumulative incidences of aGVHD and cGVHD were estimated considering death as a competing event with a 95% confidence interval (95% CI). Multivariate analyses were performed using a Cox proportional hazard model for OS, stepwise selection with backward criteria. Significant differences were defined as a p value ≤ 0.05. Analyses were performed using IBM SPSS Statistics for Windows (version 20.0. Armonk, NY) and the BR^statistical software version 2.2.7 (R Core Team, http://www.R-project.org). (Table 1) .
Results

Patients' Characteristics
In the SCID group, the genetic diagnosis was available only for 18 of 67 patients. Data on BCG vaccination was available for 60 of 67 SCID patients: 7 of 60 were not vaccinated before transplantation. Twenty-eight of the 53 vaccinated infants developed disseminated BCG infections.
Transplantation
Characteristics of donors and transplants are shown in Table 2 . Donors were matched sibling donor (MSD), n = 38; other matched related (MRD), n = 8; matched unrelated donor (MUD), n = 65; mismatched unrelated (MMUD), n = 83; and mismatched related (MMRD, haploidentical), n = 27. Stem cell source was as follows: bone marrow, n = 126; peripheral blood, n = 8; and cord blood, n = 87. Twenty-two T cell-depleted haploidentical donor transplants were performed, 3 with E-rosette depletion, 6 with in vitro CD34+ selection, and the remaining 13 with in vivo T cell depletion using post-transplantation cyclophosphamide. Fifteen patients received unconditioned infusions, 32 received melphalan-based conditioning, 149 received busulfan-based conditioning, and 27 received other types of conditioning. GVHD prophylaxis was based on cyclosporine in the majority of patients (n = 185), mainly associated with methotrexate, mycophenolate, or steroids. Most patients received serotherapy (70%) with either rabbit antithymocyte globulin (r-ATG, n = 138) or alemtuzumab (n = 17). Comparing the four time periods, in the more recent cohort, there were more patients transplanted with alternative donors, cord blood as cell source, and serotherapy in the conditioning regimen.
Engraftment and GVHD
Fifteen patients died before 28 days post-HSCT and were not evaluable for engraftment. Causes of death for these patients were infection (n = 9), sinusoidal obstruction syndrome (n = 3), and other transplant-related toxicity (n = 3). Of the 206 evaluable patients, 178 engrafted (86%), considering neutrophil recovery and/or chimerism over 5% donor cells on whole blood chimerism. Chimerism analysis was available for 173 out of the 206 patients, 24 had donor chimerism < 5%, 54 had mixed chimerism (5-95%donor), and 95 had complete donor chimerism (> 95%). All 15 SCID patients that were transplanted without chemotherapy and engrafted had mixed chimerism. Primary graft failure occurred in 28 patients, and 13 underwent a second transplant. Twenty-one patients had secondary graft failure after initial engraftment. Of these, 14 received a second transplant. In a univariate analysis, patients receiving UCB had a higher incidence of graft failure compared to those receiving BM as cell source (data not shown). A multivariate analysis for graft failure was not possible as full information for other important risk factors like infections at the time of transplant was not completely available for all patients.
Cumulative incidence of acute GVHD (aGVHD) grades II to IV was 23% (95% CI 17% to 29%), and the cumulative incidence of aGVHD grades III to IV was 10% (95% CI 6% to 14%). There was no difference on the incidence of aGHVD regarding type of donor, cell source, or diagnosis. The cumulative incidence of chronic GVHD was 12% (95% CI 8 to 17%), and 6% (95% CI 3 to 9%) were extensive.
Survival
With a median follow-up of 57 months, the 5-year overall survival was 71.6% (95% CI 65% to 78%) (Fig. 1 ). Most deaths (53 patients) occurred in the first year after transplantation, and only three patients died after 5 years. The major cause of death was infection (35 of 64 deaths, 55%), followed by GVHD (8 of 64 deaths, 13%). For the 27 patients that had graft rejection and received a second transplant, overall survival at 5 years was 61 ± 10% (95% CI 41% to 80%). The overall survival at 5 years for SCID was 68% (95% CI 56% to 79%). Particularly in the SCID group, disseminated BCGosis was not associated with a poorer survival (data not shown), and one explanation could be the low number of patients in this group. For the 67 patients transplanted for WAS, 5-year survival rate was 80% (95% CI 70% to 90%) (Fig. 2) . There was no difference in survival over time comparing the four time periods since 1990 (Fig. 3) .
In a multivariate analysis model including donor type, stem cell source, period of transplant, age, gender, and diagnosis, the only factors associated with a better survival were BM as stem cell source and WAS diagnosis (Table 3 ). There was a trend for patients with lower age, and receiving transplants for MSD compared to MMRD to have a better OS, but these have not reached statistical significance probably because of the low numbers of patients of this cohort. 
Other --10 12 22
SCID severe combined immunodeficiency; WAS Wiskott-Aldrich syndrome; PID primary immune deficiency; CGD Chronic Granulomatous Disease; FHLH familial hemophagocytic lymphohistiocytosis; CHS Chediak-Higashi Syndrome; IPEX immunedysregulation, polyendocrinopathy, enteropathy, X-linked; XLP X-linked lymphoproliferative disease *Comparison of frequencies for the characteristics between the four time periods 
Discussion
This study reports the 25-year experience of HSCT for PID in Brazil. Despite increasing numbers of patients and spectrum of diseases transplanted in our country, this is still less than expected considering the numbers of patients with PID in need of a transplant. A number of reasons may explain this, including the diagnostic challenges, and delayed referral to reference centers and transplant units. A progressive increase in numbers of transplants was found, especially since 2010, when numbers doubled compared to previous time periods. This could be explained by the increasing awareness of PID by pediatricians and immunologists and a more pro-active approach from transplant centers interested in treating these patients. During recent years, close contact between immunologists and transplant centers facilitated timely referral. Yet, there are still a lack of beds for these patients as few specialized pediatric HSCT units are available in the country and only about five care for PID at the present time.
During the time of our study, some centers stopped performing transplants in PID mostly for the high costs of this transplants and some for adverse outcomes in the beginning. Despite the increase in numbers, we did not find any difference in overall survival through the different time periods (Fig. 3 ). This may be because as the number of patients increased, so did the complexity of transplants, with more severe diseases and a successively more frequent use of alternative donors.
In patients with SCID, the identification of specific genotypes is progressively gaining importance in HSCT outcomes [27, 28] . Preparatory regimens may change according to specific types of SCID; ADA deficiency or DCLRE1C mutation (ARTEMIS deficiency, associated with DNA repair disorders) are described as having poorer outcomes as compared to other 72 ±3% Fig. 1 Five-year overall survival for the entire cohort types of SCID, needing a less intense conditioning regimen, while RAG mutations generally need more intense preparative regimens [29, 30] . In our cohort, the majority of SCID patients did not have a genetic diagnosis. This is improving as groups like BRAGID and CoBID are improving access to genetic diagnoses for different regions of the country, previously restricted only to a few reference centers.
In Brazil, BCG vaccination occurs at birth, before infants are discharged from hospital. BCG vaccine may cause very severe disseminated infections in immunocompromised patients, especially SCID and other PID, like CGD [31] . Among 70 Brazilian SCID patients reported, 60 had received BCG vaccination at birth, 65% had complications of the vaccine, 50% with disseminated BCG infection [32] . It is recognized that BCG vaccination complicates PID HSCT especially in SCID patients and death caused by BCG-associated complications is significantly more frequent in patients undergoing HSCT with localized or disseminated BCG-associated complications versus those with no manifestations [33] . Also in CGD, a study done with 73 patients in Latin America showed 30% of BCG adverse reactions, 30% with severe complications [34] . Other risk factors commonly associated with poorer survival after transplants in patients with SCID are age at time of transplant (> 3.5-6 months of age versus older) and the presence of active infection [35] [36] [37] . In our study, most SCID patients were transplanted after 6 months of age, reflecting diagnostic delay, late referral to a transplant unit, long time to find a compatible donor, and lack of beds in the few public hospitals that are able to perform this type of transplant. One limitation of our retrospective database is the incomplete information on active infectious complications of patients at time of transplant, so this influence could not be studied.
Despite the large number of volunteer donors registered worldwide, the chance of finding a MUD for patients of racially mixed backgrounds remains poor (http://bethematch.org). In 2015, the median time to find a MUD in Brazil was 85 days (personal communication). In an urgent situation like SCID, this time could significantly impact the success of transplantation. In the absence of a MSD or MUD, three alternatives could be considered for these patients: the use of unrelated mismatched cord blood, a MMUD, or a haploidentical related donor [36, 37] . In a study from the EBMT, T cell-depleted haploidentical donors and UCB had the same overall survival for patients with SCID [10] . Also in a more recent study, haploidentical transplants with T cell depletion without any type of conditioning regimen had good outcomes in SCID patients with active infections [37] . In these studies, however, MMRD transplants were performed with in vitro T cell depletion (CD34-positive cell selection or other methods) [10, 37] . Unfortunately, this technique is expensive and rarely available in Brazil. Hence, for many years, UCB was easier and faster, and therefore used in almost 40% of our patients. More recently, haploidentical transplants with in vivo T cell depletion with post-transplant cyclophosphamide (PTCy) have been described in children and adults with hematological malignancies and non-malignant diseases [38] [39] [40] [41] [42] [43] . This strategy is cheap and immediately available, and its applicability to treat PIDs has been reported in a small number of patients, but results are promising [44] [45] [46] [47] . In the last 5 years, 12 of the patients with PID in our study underwent a first haploidentical transplant with PTCy. From these, seven patients engrafted and seven are alive at the last follow-up. That experience is rapidly increasing and rising to prominence in Brazil.
Taken together, the problems discussed above may explain the poorer survival seen from our cohort compared to those reported internationally, especially in patients with SCID. One measure that could change this scenario is newborn screening (NBS) for SCID. International studies are already reporting its important impact on HSCT outcomes [48, 49] . There are no established national programs for NBS in Brazil, but pilot studies are being conducted in some restricted regions [50, 51] . As the majority of patients with SCID in our cohort was transplanted beyond 6 months of age and mostly with active infections, introduction of NBS in our country could dramatically change SCID survival.
HSCT for WAS in our cohort was comparable to international series of patients with this disease [22, 24, 52, 53] . As the main institution treating PID in our country is a reference center for WAS, the relative frequency of this disease in our cohort is larger compared to other reports. Patients with WAS accounted for 30% of patients in our cohort. HSCT for CGD has improved since the development of reduced toxicity conditioning regimens and the use of treatment protocols guided by the EBMT/ESID group. In our cohort, 17 of 24 patients with CGD received the same conditioning regimen with a 5-year overall survival of 80%, which is comparable to international reports [21, 54] .
Although we did not find a significant improvement in survival over the different time periods, we were able to significantly increase the number of patients treated over time: expanding the variety of diseases treated, increasing the use of alternative donors, and allowing patients with more severe diseases to have access to transplant. Participating in international protocols helped us standardize transplant techniques in our country, and close contact with international advisors allowed us to seek advice on difficult management problems. In conclusion, transplantation for PID patients in Brazil has evolved since the first procedure in 1990. Approaches to increase PID diagnosis, extend donor availability, and decrease transplant-related mortality from infections and graft versus host disease have led to better HSCT outcomes. Much work still has to be done to improve each of these factors. Increasing the number of centers with expertise in PIDs could make treatment available to more patients, and our cooperative group is doing this. The collaboration with international groups has been fundamental for our progress in this field, and continuity will further help us improve results. The experience in Brazil could also encourage other Latin American countries to provide better care for these patients. Future plans from our group include elaborating national guidelines for PID HSCT and further improve our study including detailed description of BCG and other infections before and after transplant as well as long-term follow-up and quality of life data.
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